Cyanobacteria and their associated viruses (cyanophages) are abundant throughout the world in both marine and freshwater environments. The predator-prey relationship influences population dynamics within these ecosystems and facilitates the co-evolution of both organisms. Evidence of the close-linked interactions between cyanobacteria and viruses has been found extensively throughout marine biomes, but freshwater systems are less well studied. Eutrophic lake sediments potentially allow the preservation of cyanophages. If historic cyanophages could be isolated, they could provide insights into the evolution, biology and population dynamics over defined timescales. To determine whether viable phages are present in this environment, sectioned sediment cores (~50 cm in length) were taken from a eutrophic, stratifying lake (Rostherne Mere, Cheshire, UK). They were examined under the transmission electron microscope, and phages were isolated on two Microcystis strains PCC 7820 and BC 84/1. Viable phages were recovered from~33-and~50-year-old sediments. This is the first known study to investigate the viability of freshwater cyanophages recovered from dated lake sediments.
Introduction
Bacteriophages are the most numerous organisms on the planet, and collectively, this pool of viruses is thought to contain the largest amount of unknown genetic diversity in the biosphere (Suttle, 2007; Williamson et al., 2008) . Both cyanobacteria and cyanophages are abundant in aquatic systems, where phages outnumber their hosts by around 10-to 100-fold (e.g. see Wommack et al., 2009) . Phages exert pressure on their host populations through infection and cell lysis. The consequence of this lysis is that they are key components in biogeochemical cycling where they divert carbon and nutrients into the microbial food web (Suttle, 2007) . The other important consequence of this interaction is that they also alter genetic diversity and evolution of their host populations (Suttle, 2007) . As their genomes are relatively small and simple, their interlinked physiology can be observed with reference to their study as they encode multiple 'host-acquired genes' (Mann et al., 2005; Sullivan et al., 2010) .
The 'kill the winner' model describes how phage in aquatic settings exert control on the most plentiful host by building up in significant numbers to diminish the most successful bacterial strain (Thingstad & Lignell, 1997; Brockhurst et al., 2006) . Therefore, we might expect that the cyanophages preserved in the sediment may be representative of the most abundant phages that were present at the time of deposition and, if able to infect our indicator strain, be isolated. They therefore provide an opportunity to determine how phage can evolve with their hosts over decadal or longer timescales.
A dominant cyanobacterial genus in many freshwater systems is Microcystis of which M. aeruginosa is an abundant species. Although the interaction between Microcystis and phages has not been as extensively studied as marine cyanobacteria and their phages, research has suggested the phages exert pressure in this system in a similar way to the marine ecosystems (Hennes & Simon, 1995; Manage et al., 1999 Manage et al., , 2001 Tucker & Pollard, 2005; Yoshida et al., 2008a) . These studies have been carried out over different timescales ranging from 6 days to months or years, and they show there is often a negative correlation between host and virus numbers. Peaks of bacterial or cyanobacterial abundance are generally followed by an increase in viral abundance (Hennes & Simon, 1995; Manage et al., 1999 Manage et al., , 2001 Tucker & Pollard, 2005; Tijdens et al., 2008; Yoshida et al., 2008a) .
Lake sediments act as natural archives for changes that occur within both the lake and their catchment and provide information on time periods/changes that pre-date the start of monitoring (Anderson, 1995a) . Presence of different organisms can be identified preserved in sediments both microscopically (through observation of diatoms or heterocysts) and biochemically using pigments (e.g. Leavitt & Findlay, 1994) . With methodological improvements, there has been an increased interest in using lake sediments to understand genetic and ecological variability over long timescales (Jeppesen et al., 2001) . Much of this work has focussed on the propagation of resting stages (algal, bacterial and crustacean) from lake sediment (Livingstone & Jaworski, 1980; Renberg & Nilsson, 1992; Miskin et al., 1998; Hairston & De Meester, 2008) , but there has also been recovery of rDNA, for example, of purple sulphur bacteria from bulk sediments which are more than 10 3 years old (Coolen & Overmann, 1998) . To date, there have not been, however, any studies on the viability of bacteriophages extracted from lake sediments. As cyanobacteria are often deposited intact on the sediment surface (Livingstone & Reynolds, 1981) , we considered it likely that their phages will also be deposited at the same time as part of a precipitate formed from organic and inorganic material. It is this precipitate that traps and aids the sedimentation of otherwise buoyant Microcystis cells (Oliver et al., 1985) . Once deposited in profundal sediments, cyanobacteria have no light source from which to continue metabolising, and therefore, viral replication will also cease.
Rostherne Mere (Cheshire, UK; 53°21′ N, 02°23′ W) was chosen as the sampling site as it provided a location with the conditions we considered important for potential phage preservation, because its sediments are anoxic and undergo little mixing. It has also been the subject of a number of long-term studies (e.g. Reynolds & Bellinger, 1992) . It is the largest (70 ha) and deepest (~30 m maximum water depth) of the Shropshire-Cheshire meres (Moss et al., 2005) . The lake is culturally eutrophic following long-term catchment disturbance and is presently recovering from point-source sewage pollution (Moss et al., 2005) , but total phosphorous (TP) levels are still high (in 2010 TP range was 97-313 lg P L À1 ) due to considerable internal loading and diffuse inputs from agriculture. The lake is thermally stratified from mid-April until early-November, and the hypolimnion is anoxic for much of this period. Phytoplankton within the lake is dominated by cyanobacteria, mainly M. aeruginosa. A pioneering study by Livingstone (1979) indicated that the sediments at Rostherne Mere preserve a variety of nonsiliceous algal remains, including Microcystis, Anabaena akinetes, Ceratium cysts and Pediastrum colonies and reflect changes in the algal populations in the water column, as documented by phytoplankton counts (Livingstone & Reynolds, 1981) . The preservation of phages within sediments offers a possibility of examining the fluidity of their genomes in terms of gene acquisition and loss, within a long-term time frame which potentially permits the charting of the evolution and genetic differentiation of the phage. Observing this evolution under natural conditions could provide an insight into conditions of ancient environments; exactly how far back in time will be determined by how long phage can survive in sediments.
Materials and methods
Sediment sampling and study site Sediment cores (45-50 cm long) were retrieved with a Hon-Kajak gravity corer (Renberg & Hansson, 2008) on the 5 October and 22 November 2007, at the southerly edge of the deepest part of the basin (water depth 28 m) at Rostherne Mere (Cheshire, UK; 53°21′ N, 02°2 3′ W). Cores were extruded on the shore of the lake at 1-cm intervals and sediment placed in sterile (plastic) bags. For the first core, complete slices were retained for phage analysis and sub-sampling took place in the laboratory. For the second core, however, sub-samples for microbiological analysis were taken on site immediately after core retrieval, from the inner part of the core only, to avoid potential contamination from younger sediments. Samples were placed in cool boxes for transport and stored in the dark in a cold room at 4°C prior to analysis.
Sediment dating
Organic matter content of the sediment cores was determined by loss-on-ignition (LOI) at 550°C for 2 h (Dean, 1974) . These data were correlated to a previous core's LOI profile taken from the same location, which had also been radionuclide-dated using 210 
Pb and 137
Cs by Livingstone & Cambray (1978) , and sediment accumulation rate was calculated.
Extraction and purification
Samples processed were at 10 cm intervals throughout each core from the surface sediment (0-1 cm) to 45 cm. Phage extraction from sediment was performed from 2 cm 3 of sample added to a resuspension buffer of 8 mL 0.22 lm filtered 10 mM sodium pyrophosphate (Sigma, UK) and 8 lL 5 mM EDTA (Fisher, UK). Samples were vortexed for 20 min and then centrifuged at 2000 g for 25 min (Allegra TM X-22 Centrifuge, Beckman Coulter). If required, centrifugation was repeated with the supernatant. Each sample was split and either filtered through a 0.45-lm filter (Millex, IRE) or left unfiltered. Samples were stored at 4°C in the dark. The sediment extraction method was taken from protocols provided by Wommack et al. (2009) .
Microcystis aeruginosa strains PCC 7820 and BC 84/1 were kindly donated by Geoff Codd (University of Dundee) and Paul Hayes and Li Deng (University of Portsmouth), respectively. Cultures were grown in BG11 media (Blue-Green Medium), defined by the Culture Collection of Algae and Protozoa (accessed from http://www. ccap.ac.uk/media/recipes/BG11.htm, Stanier et al., 1971) kept in Versatile Environmental Test Chamber (Sanyo) at settings 22.9°C in 1LS light.
Plaque assays were performed on double-layer agar BG11 plates, using bacteriological agar (Oxoid, UK) at 1% [(wt/vol)] as base and 0.4% as top layer. Microcystis aeruginosa was harvested when cultures reached OD 750 0.2-0.650. Cells were concentrated from 50 mL liquid culture by centrifugation and the pellet re-suspended in 0.5 mL of retained supernatant. From this, 500 lL of concentrated cells were mixed with 100 lL of phage sample and incubated for one hour at room temperature. These were plated as a lawn onto 1% agar BG11 plates with 3 mL of molten 0.4% agar BG11 added as a top layer with thorough mixing. Plates were incubated for up to 2 weeks. Isolation of phages was performed through picking individual plaques into BG11 media, incubated overnight at 4°C and then centrifuged for 10 min at 10 000 g. The supernatant was retained for use in subsequent rounds of purification. After four rounds, phages were propagated and prepared in bulk for examination under TEM and for storage at 4°C in the dark.
Electron microscopy
TEM was performed on phage suspensions from the core section extracts and from purified phages in SM buffer [5.8 g NaCl (Sigma, UK), 2 g hydrous magnesium sulphate (Fisher, UK), 50 mL of 1 M Tris-HCl pH 7.5 in 1 L with Ultra Pure H 2 0]. Copper electron microscopical grids (Athene type) were top-coated with pioloform film, originally produced from a 0.25% pioloform/chloroform solution followed by carbon coating for 1-3 s. Grids were stored at room temperature until needed. As standard, grids were high-voltage glow discharged for 30-60 s before use. Samples were negatively stained with 1% uranyl acetate and examined on JEOL 1220 transmission electron microscope (JEOL, UK) run at 80 kV, with images captured using SIS Megaview III camera with analySIS ® software (Olympus).
Results
To derive a chronology for the core examined in this study (RM07-D), data on the LOI were correlated to a core from the same location which had been extensively studied and dated by Livingstone & Cambray (1978) (Fig. 1) . Distinct features in the LOI and organic carbon profiles provide a reliable way to transfer a chronology between cores taken within an individual lake basin (Anderson, 1986) . This correlation suggests that the base of the 2007-core examined in this study is > 50 years old (Fig. 1) . As expected, the same data set suggests that a one cm core length corresponds to about a year's worth of sediment deposition. Samples from both cores were examined under TEM and a morphologically diverse set of virus-like particles (VLPs) were observed for each core (Fig. 2) . The observed nonisolated VLPs represented three families of bacteriophages belonging to the Caudovirales: the Siphoviridae, with a capsid connected a noncontractile tail; the Myoviridae, which have capsids joined to a contractile tail, and the Podoviridae, which have very small noncontractile tails attached to their capsids. VLPs were assigned morphotypes as described by Ackermann (2009) . Several VLPs were observed from sediment depths of 22 cm (first core) and 45 cm (second core). These included those of siphoviruses belonging to morphotype B1 with capsid diameters of~50-80 nm and tail lengths of~130-180 nm. In both sediment samples, large myoviruses were observed, with capsid diameters of~120 nm and tail lengths of~120 nm belonging to morphotype A1. In the sediment sample at 22 cm depth, a large podovirus was observed with a capsid diameter of~100 nm and tail length of~25 nm belonging to morphotype C1. Also observed in this sediment sample was a siphoviruslike particle with collar spikes and an unusual striated tail, with a capsid diameter of~55 nm and tail length of Cs is indicated by the dotted line (see Livingstone & Cambray, 1978 for details of the original core chronology). ~100 nm. Observation of these VLPs indicates that phages of different morphologies are abundant in the core samples, and some appear to be intact.
The viability of a subset of these phages was confirmed by infecting Microcystis strain PCC 7820 and Microcystis strain BC 84/1 using plaque assays. Plaques were observed on bacterial lawns from sediment depths tested at 10-year intervals from the first core and from the deepest and middle sections of the second core (data not shown). Following one round of purification on host PCC 7820, plaques were collectively resuspended from a single plate and examined under the TEM for the 33 cm sample (Fig. 2) . Eight VLPs were observed; six similarly sized siphoviruses all belonging to morphotype B1, one with a striated tail and two myovirus particles belonging to morphotype A1. Despite having damaged capsids preventing accurate measurement, these myovirus-like particles are similar in size to one another and are smaller than the large myoviruses observed directly from the sediment extract. This suggests that the tested M. aeruginosa strain is infected by a subset of the phages present in the sediment.
Three phages were purified by undergoing three rounds of plaque assays. Two podoviruses belonging to morphotype C1 were isolated from core depths of 0-1 cm (at the water/sediment interface level) and 33 cm which infect host strain PCC 7820. These have capsid diameters of 52 nm but no tail structure was observed. The abundance and uniformity of these particles observed during TEM alongside an absence of broken tails suggest that these are podoviruses and not defective myoviruses or siphoviruses. The third phage was isolated using host strain BC 84/1 from 33 cm sample. This phage has the morphology of a siphovirus belonging to morphotype B1 with a capsid diameter of~84 nm and tail length of~158 nm.
Discussion
Rostherne Mere is thermally stratified for much of the year (late April to mid-November) because of its depth and morphometry. This, alongside its high productivity, results in the hypolimnion deoxygenating rapidly from the early summer (Reynolds, 1979; Livingstone, 1984; Eaton et al., 1999) . The sediments are cool (~4°C), anoxic and hence are devoid of an invertebrate fauna whose presence would otherwise disturb the surface sediments (Livingstone, 1979; Reynolds, 1979) . The low light transparency (Secchi disk during the summer is < 2 m) means there is no in situ photosynthesis by benthic algae. Left: Isolated phages comprise those which have been fully purified using two strains, M. aeruginosa PCC 7820 and 84/1 and those observed following one round of purification on M. aeruginosa PCC 7820. Three phages underwent three rounds of plaque assay. Two were purified on host strain PCC 7820 from 0 to 1 cm, interface level (a) and 33 cm samples (b). These phages are both morphotype C1 podoviruses. The phage isolated using host strain BC 84/1 was from the 33 cm sample and is a morphotype B1 siphovirus (c). Multiple VLPs from the 35 cm sample (from the second core) were observed following a single round of plaque assay (d). They consist of six morphotype B1 siphoviruses and two defective morphotype A1 myoviruses. Nonisolated VLPs from sediment depths of 22 cm (first core) and 45 cm (second core) were observed belonging to three bacteriophage families (e and f, respectively). These included morphotype B1 siphoviruses, large morphotype A1 myoviruses and a large morphotype C1 podovirus in the 22 cm sample. Scale bars are equal to 100 nm. The approximate date of the oldest phages/VLPs (1963) is shown as determined from the sediment dating. Cyanophages from sediments
The resulting overall condition of the sediment at Rostherne is very favourable for the preservation of organic molecules (Livingstone, 1979) and is similar to the sapropelic sediments found in permanently anoxic basins, such as the Black Sea. Such sediments provide the possibility of finding organisms preserved intact and the occurrence of viable resting stages. The excellent degree of preservation within the sediments at Rostherne Mere in particular was demonstrated by the culturing of viable cyanobacterial akinetes of Anabaena and Aphanizomenon from sediments 64 and 18 years old, respectively (Livingstone & Jaworski, 1980) . Phage particles belonging to a diverse set of morphologies have been observed using TEM from lake sediment samples previously (e.g. Demuth et al., 1993) , and the absorption of phages onto inorganic clay material has been found to increase their stability (Vettori et al., 1999) . Leading on from the combined results of these studies, this research supports the hypothesis that these sediments could act as reservoirs for viable phage.
Importantly, at lakes such Rostherne Mere, physical resuspension of cells from the profundal sediment is extremely rare, and so the host-phage relation for individual years will be maintained due to burial by sedimentation in the following years. Cyanobacterial blooms in the Shropshire-Cheshire meres have occurred for thousands of years (McGowan & Britton, 1999) , probably as a result of the development of agriculture in the area (Anderson, 1995a, b) . It is feasible therefore that the sediment record at Rostherne Mere contains a long-term history of the cyanophages at this site and their genetic evolution, possibly over hundreds of years.
Microcystis is common in many freshwater systems throughout the world and is capable of forming noxious blooms seasonally or, if conditions permit, dominating waters all year round (Carmichael, 1996) . Factors which trigger bloom formation and collapse are poorly understood (Tucker & Pollard, 2005) . Previous research has largely focussed on the physical and chemical environmental conditions exerted on the cyanobacterial populations. Yoshida et al. (2007) have reported that nitrogen levels within lake waters influence the subpopulation structure of M. aeruginosa and promote toxin-producing genotypes. Microcystis population structure has in some cases been observed to be clonal (Tanabe et al., 2007) while in other cases found to be genetically diverse but shifting between dominant subpopulations with phages taking a role in driving these shifts (Yoshida et al., 2007 (Yoshida et al., , 2008a . As we have found that phages can survive within Rostherne Mere sediments and infect extant hosts, they could serve as a record of this interaction.
To investigate host community dynamics, future work could isolate M. aeruginosa strains from the sediment to use as hosts to determine whether phages from the same depth and others older and younger sediments could infect these strains.
Microcystis is phytoplanktonic but can overwinter on surface sediments (Reynolds & Rogers, 1976) , where it is known to survive and the viability of such cells has been documented (Tsujimura et al., 2000; Brunberg & Blomqvist, 2002; Furusato et al., 2004; Latour et al., 2004) . It is suggested that these populations serve as an inoculum to the water columns during spring as temperature and light intensity can alter the cells buoyancy . However, there is little information on the growth and metabolic activity of cells under conditions occurring within profundal sediments. Latour et al. (2004) reported low frequency of dividing cells as an indirect measure of growth rate, alongside low enzymatic activity. While resting on profundal sediments, the M. aeruignosa receive no light to enable them to continue metabolising, which also therefore prevents viral replication. So while there may be the presence of both cyanophage and their host, active infection and reproduction is very unlikely or occurs at an extremely low rate, therefore preserving each population as when they were deposited in terms of number and genetic diversity. The phages observed directly from the sediment extractions may replicate in the sediments as their host is unknown. However, the phages we isolated, were capable of replicating on axenic Microcystis as observed through plaque production. As cyanophages have narrow host-ranges, it it appears unlikely that this subset of phages would also be replicating on heterotrophic hosts. Quantification of plaques was not performed as the purpose of this study was to first determine whether viable phage could be isolated.
There were a range of VLP morphologies observed from sediment extractions, encompassing all three families of the Caudiovirales: Myoviridiae, Siphovridiae and Podoviridae. The VLPs also ranged in sizes, from small siphoviruses to large myoviruses, implying that phages were not apparently excluded based on size through the extraction process. There was however a slight morphological bias as 9/12 observed VLPs were siphoviruses. This could be a preservation bias within sediments or of the sedimentation process.
The published phages which infect Microcystis have a range of morphologies: Ma-MM01, is a myovirus (Yoshida et al., 2006) , Ma-LBP, is a podovirus (Tucker & Pollard, 2005) , and a filamentous Microcystis phage has also been observed (Deng & Hayes, 2008) . All of the phages infecting M. aeruginosa observed in this study belonged to the Caudovirales, which is consistent with the report by Ackermann (2007) , who stated that 96% of bacteriophages he examined were tailed. The two podoviruses isolated in this study suggests that at least phages of the same family could be isolated throughout the column. Whether these phages are genetically related is yet to be determined. The single siphovirus to be isolated is interesting as it was isolated on the second host strain, 84/1 which may indicate a strain bias. Siphoviruses were also the most common morphology observed from the collective single round plaque assay, which is interesting as this family is seen infrequently in freshwater cyanobacteria (Deng & Hayes, 2008) . The findings could reflect the possible deposition bias and which phage particles remain viable during sedimentation.
It is important to note that the Microcystis strains used in this study to isolate the phage was not native to Rostherne Mere, therefore possibly limiting or biasing phage recovery. There may be a greater diversity of phages which were not infective of PCC 7820 or BC 84/1, but would be of the native strain.
This study provides the first evidence that cyanophages can survive in sediments over decadal timescales. The phages within the sediments are reflective of the pressures that have been exerted on these lakes. Work to determine the phage abundance at decadal timescales would allow lake phage/host dynamics to be explored. Examination of their genomes may reveal important clues to the molecular basis of cyanophage/host interactions.
